Background. The objective of this work was to determine the cost-effectiveness of temozolomide compared with that of radiotherapy alone in the adjuvant treatment of newly diagnosed glioblastoma. Temozolomide is the only chemotherapeutic agent to have demonstrated a significant survival benefit in a randomized clinical trial. Our analysis builds on earlier work by incorporating caregiver time costs and generic temozolomide availability. It is also the first analysis applicable to the US context. Methods. A systematic literature review was conducted to collect relevant data. Transition probabilities were calculated from randomized controlled trial data comparing temozolomide plus radiotherapy with radiotherapy alone. Direct costs were calculated from charges reported by the Mayo Clinic. Utilities were obtained from a previous cost-utility analysis. Using these data, a Markov model with a 1-month cycle length and 5-year time horizon was constructed.
ach year there are 13 000 deaths and 22 000 new cases of malignant brain and CNS tumors in the United States. 1 According to the 2011 report of the Central Brain Tumor Registry of the United States, gliomas accounted for 80% of all malignant brain and CNS tumors, while glioblastomas alone accounted for 40%. 2 Gliomas are graded by the World Health Organization (WHO) according to their prognosis and histological appearance. High-grade gliomas (HGGs) include anaplastic astrocytomas (WHO grade III) and glioblastomas (WHO grade IV). Without any treatment, a diagnosis of glioblastoma can imply a life expectancy of less than a year. 3 -5 With modern treatment, 2-year survival is roughly 25% and 5-year survival is roughly 10%. 6 The treatment of newly diagnosed glioblastoma begins with surgical resection and histological confirmation of the diagnosis. Adjuvant radiotherapy has been shown to extend overall survival (OS) from 3-4 months to around 9-10 months. 4 Prior to 2005, the use of chemotherapy in the adjuvant setting was controversial. Some had suspected that nitrosourea drugs might be effective treatments owing to their lipophilicity and subsequent ability to cross the blood -brain barrier. 7 Throughout the 1970's and 1980's numerous clinical trials evaluated the benefit of nitrosourea drugs such as carmustine, lomustine, dacarbazine, and a procarbazine/CCNU/vincristine regimen, in the adjuvant setting for the treatment of newly diagnosed glioblastoma. 8 -11 However, there has been no randomized controlled trial that has demonstrated a significant survival benefit associated with the use of a nitrosourea-based chemotherapy regimen in the adjuvant setting. The use of nitrosoureas in this setting gained some popularity in the US; however, the practice was avoided in Europe. 7, 12 A 2002 meta-analysis of HGG outcomes demonstrated a 5 percentage point increase in 2-year survival (from 15% to 20%) associated with the use of a chemotherapeutic agent in addition to radiotherapy in the adjuvant setting relative to radiotherapy alone. 7 While this evidence may give some general support to the use of adjuvant chemotherapy, it should be noted that the studies in the meta-analysis included grade III glioma patients as well as grade IV glioblastoma patients and several different nitrosourea drug regimens.
In 2005 the FDA approved temozolomide for the treatment of adults newly diagnosed with glioblastoma in the adjuvant setting concomitant with radiotherapy and as maintenance therapy. 13 Temozolomide is an oral alkylating agent that resembles many of the nitrosoureas with respect to both structure and mechanism of action. Aside from its superior efficacy, temozolomide's advantages over nitrosoureas include its ability to be taken orally and an improved adverse-effect profile. Temozolomide's FDA approval was primarily the result of a pivotal clinical trial conducted by Stupp et al. 12 That study demonstrated a median OS benefit of 2.5 months and a median progression-free survival (PFS) benefit of 1.9 months associated with the use of temozolomide versus radiotherapy alone.
Study Objective
This cost-utility analysis evaluates the incremental costeffectiveness ratio (ICER), expressed as the monetary costs per additional quality-adjusted life-year (QALY), gained from the incorporation of temozolomide into the traditional adjuvant treatment regimen. It used a US societal perspective and modeled all costs and benefits over a time horizon of 5 years. The model compared temozolomide + radiotherapy with radiotherapy alone. Such information should prove invaluable to clinicians and policymakers when guiding adjuvant treatment.
Methods

Model, Patients, and Treatment
A Markov model was constructed using Microsoft Excel. The model contained 3 health states: stable disease, progressive disease, and death (Fig. 1) . One thousand hypothetical patients began their model simulation with stable disease. These hypothetical patients were assumed to have the same distribution of baseline characteristics reported by Stupp et al. 12 At the end of each month, patients had a given probability of transitioning to another health state or remaining in their current health state. No backward transitions were permitted (patients were not allowed to transition back to stable disease after progressing). Stable disease was divided into 4 different phases of treatment: month 1, month 2, months 3-7, and subsequent months, on the basis of the different doses of temozolomide recommended by the temozolomide prescribing information.
Transition Probabilities
Median OS and median PFS were obtained from Stupp et al, 6 whose study was an update to an earlier paper, 12 following the same cohort of patients beyond 5 years. Athanassiou et al 14 also conducted a similar randomized controlled trial; however, Stupp and colleagues observed significantly more patients (573 vs 110) for a longer period of time (60 mo vs 18 mo). 6, 14 From these medians, the monthly probability of each allowable transition within the model was calculated. The decreasing exponential approximation of life expectancy (DEALE) method was used to calculate these monthly probabilities. 15, 16 The DEALE method assumes that patients have a constant hazard of death throughout the time period being modeled. While restrictive, this assumption was justified in this case because the patients' life expectancy was so short.
Direct Costs
The cost of surgery was ignored because this model focused solely on guiding adjuvant treatment decisions. The costs of physician visits, laboratory tests, imaging, and caregiver support were applied equally to both groups in all phases of stable and progressive disease. The costs of temozolomide therapy, radiotherapy, and adverse-event prophylaxis were applied differently in each phase of stable disease and progressive disease to accurately reflect the dosing of temozolomide recommended in its prescribing information (Table 1) .
Charges associated with the treatment of HGGs were published by the Mayo Clinic in 1996. 17 To our knowledge, these are the only published estimates of the cost of various health care services involved in glioblastoma treatment within the United States. The charges were separated into a number of categories: surgery, radiotherapy, chemotherapy, laboratory tests, imaging, outpatient physician visits, inpatient physician visits, inpatient hospital services (labeled "other" in the original publication), and ancillary charges. Chemotherapy charges likely reflected the use of nitrosoureas and were ignored in our analysis. The other charges were converted to costs using a cost-to-charge ratio (assumed to be 0.75 in the base-case analysis, but this was varied in sensitivity analysis) and inflated to 2011 US dollars using the medical services consumer price index. These costs were then divided by the median PFS, in months, of the population being treated in the Mayo Clinic report to obtain the expected cost for each service per progression-free month. The median PFS in the Mayo Clinic study was significantly longer than that in the Stupp et al studies 6, 12 (10.5 mo vs 6.9 mo) because the former included grade III as well as grade IV glioma patients. It is possible that because of this, these direct cost figures may be underestimated. All of the direct cost estimates are varied in sensitivity analysis.
Base-case Temodar prices were obtained from the Veterans Affairs Federal Supply Schedule. 18 The Federal Supply Schedule offers a more realistic source of drug prices than the average wholesale price, which would be highly influenced by rebates and other unobservable factors. The average price of generic medications in the US is roughly 75% lower than the average price of branded medications. 19 Therefore, the future price of generic temozolomide was estimated by reducing each of the brand Temodar unit prices by 75%.
The required dose of temozolomide was calculated according to its prescribing information using US mean height and weight to calculate mean body surface area. During month 1 of stable disease treatment, patients receiving temozolomide got a dosage of 75 mg/m 2 /day concomitantly with radiotherapy. During month 2, patients receiving temozolomide began maintenance therapy at a dosage of 150 mg/m 2 /day for 5 days. According to the temozolomide prescribing information, if patients have not experienced a serious adverse reaction, it is recommended that the maintenance dosage be increased to 200 mg/m 2 /day for 5 days per month at the beginning of month 3. Stupp et al 12 reported that only 67% of patients qualified for this increased maintenance dose. Therefore, the model assumed that only 67% of patients received this increased maintenance dose during months 3-7. After month 7, if patients remained in the stable disease health state, it was assumed that they received no treatment but continued to incur other costs.
It was assumed that patients using temozolomide would receive adverse-event prophylaxis against opportunistic infections, nausea, headaches, and constipation. In reality, although prophylaxis against opportunistic infection is essential, most patients do not require continual prophylaxis against nausea, headaches, and constipation. This assumption greatly simplified the model and, as demonstrated by the sensitivity analysis, had a very minimal impact on the ICER.
Indirect Costs
Caregiver time was included as an indirect cost. Because this model took a societal perspective, the cost of the disease and its treatment borne by other members of society (nonpatients) had to be considered. Hayman et al. 20 estimated the mean time informal caregivers of elderly cancer patients spent providing assistance with activities of daily living (ADLs) to be 10 hours per week. According to the Bureau of Labor Statistic's National Compensation Survey, the mean compensation rate for a home health aide in the US is $10.83 per hour. 21 This implies that the time cost associated with informal caregiving for cancer patients is $433 per month. There is no literature specifically quantifying time spent by informal caregivers for glioblastoma patients. Hayman et al 20 included caregivers for elderly patients suffering from a variety of cancers. The patients receiving temozolomide in this model are generally younger than the elderly patients included in the study by Hayman et al. 20 Assuming that elderly cancer patients generally require more care than do middle-aged cancer patients, we could be overestimating caregiver time costs. However, there are also several other indirect costs that are not directly related to ADLs, such as transportation costs and symptom management. These costs were not included in the analysis by Hayman et al, 20 which could indicate that this is an underestimate of caregiver time costs. Ultimately, the net effect of these potential biases is difficult to determine. The cost of caregiver time was also varied in sensitivity analyses.
Cost of Progressive Disease
Stupp et al 6 reported the various salvage treatments (a second surgery, a second round of radiotherapy, a second round of chemotherapy) sought after patients were found to have progressive disease. Cost per month in progression was calculated based on these utilization data combined with the costs associated with each treatment from the Mayo Clinic publication described earlier. Patients with progressive disease were assumed to have the same laboratory, imaging, physician visit, and caregiving costs as those with stable disease. Inpatient hospitalization costs, which were excluded from the calculation of cost per progression-free month, were included in the estimated cost of a month with progressive disease. Because Stupp and colleagues did not report any specific salvage chemotherapy regimens used, salvage chemotherapy costs were assumed to be equal to the first round of adjuvant temozolomide costs.
Health State Utilities
Garside et al 22 published the only estimates of utility associated with glioblastoma health states. Garside et al designed a similar Markov model to evaluate the use of temozolomide and carmustine wafers (separate analyses) in the adjuvant treatment of newly diagnosed glioblastoma. As part of the UK Value of Health Project, healthy volunteers from the general UK population were given standard gambles in an attempt to elicit UK societal preferences for a variety of health states. Unfortunately, at the time of the temozolomide evaluation, relevant utilities had been elicited from only 36 individuals. A number this small is not likely to be representative of the UK population and is even less likely to be representative of the US population, but these are the only estimates of utility to date. These utility values were used in the base-case analysis and were varied in sensitivity analyses (Table 2) .
Results
Using all base-case parameters, the use of Temodar produced an additional 1.8 months in overall life expectancy, 0.93 quality-adjusted life-months, and 0.078 QALYs at an additional cost of $7962 per patient. These additional costs included the acquisition of Temodar, adverse-event prophylaxis, and any additional treatment that occurred as a result of Temodar-treated patients living longer. Dividing the mean incremental lifetime costs ($7962) by the mean incremental lifetime QALYs (0.078), we calculated the base-case ICER to be $102 364 per QALY. The use of generic temozolomide produced equivalent benefits at a mean incremental cost of $690 per patient, resulting in a base-case ICER of $8875 per QALY.
One-way sensitivity analysis revealed that the PFS of patients who received radiotherapy only was the biggest driver of model results. However, also significant were the utility associated with temozolomide's maintenance phase of stable disease treatment, the utility associated with the "no treatment" phase of stable disease (after patients had completed concomitant and maintenance phases but remained stable), the cost of progressive disease, and the cost of temozolomide (Table 3A and B). The resulting tornado diagrams are displayed in Fig. 2A and B. Because the base-case ICER for generic temozolomide was so low, several of the 1-way sensitivity analyses produced lower-bound ICERs that were negative. In this case, a negative ICER simply indicates dominance. Using these new parameter values, generic temozolomide was not only cost-effective, but also cost-saving-it produced positive QALY gains and resulted in lower costs on average. However, because negative ICERs can sometimes be ambiguous (either the numerator or the denominator can be negative), they are conventionally not displayed. Instead, we simply indicate "dominant" where appropriate in Table 3B and Fig. 2B .
Probabilistic sensitivity analysis based on a Monte Carlo simulation (10 000 simulations) was done. The resulting cost-effectiveness acceptability curves are displayed in Fig. 3A and B. The resulting ICER scatterplots All health state utilities were elicited from healthy UK volunteers using standard gambles and reported by Garside et al. 22 
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are displayed in Fig. 4A and B. Using a threshold of $150 000 per QALY, 63% of the Temodar simulations and 80% of the generic temozolomide simulations produced cost-effective ICERs. The maximum probabilities of cost-effectiveness at an infinite willingness-to-pay were 81.8% and 82.0% for Temodar and generic temozolomide, respectively. All cost estimates were varied by 20%. All utility estimates were varied by 10%. Annual discounting rates included 3% (base-case), 5%, and 10%. Cost-to-charge ratios included 0.5, 0.75 (base-case), and 1. Negative ICER estimates indicate that the treatment was dominant and were truncated at zero to avoid ambiguity. Abbreviations: RT, radiotherapy; TMZ, temozolomide; SD, stable disease; PD, progressive disease. 
Discussion
We are aware of 3 previous cost-effectiveness analyses of temozolomide's use in the adjuvant treatment of newly diagnosed glioblastoma. Garside and colleagues 22 conducted a cost-utility analysis from the perspective of the UK National Health Service. They estimated a base-case ICER of £35 861 ( US$56 000) per QALY. 22 Per the National Institute for Clinical Excellence Guidelines for Manufacturers and Sponsors, indirect costs, such as caregiver time, were not included. It should also be noted that direct costs in the UK single-payer health care system and the US fragmented health care system are often dramatically different. These discrepancies are the result of different utilization patterns and different unit costs. The direct comparison of cost-effectiveness analyses conducted within the context of different health care systems has been widely discouraged. 23, 24 During the Stupp et al clinical trial, 12 a subset of treatment centers agreed to collect economic data in addition to the required clinical data. Lamers et al 25 used these data to conduct another cost-effectiveness analysis. Fifteen treatment centers in 5 countries (Austria, Switzerland, Germany, Canada, and the Netherlands) participated in Unfortunately, because neither of the quality of life instruments administered during the clinical trial-the European Organisation for Research and Treatment of Cancer (EORTC) QLQ-C30 and QLQ-BN20-is preference weighted, the researchers were unable to express the calculated ICER as a cost per QALY. Instead, they calculated the incremental cost per life-year gained without adjustment for the quality of life. Because these patients had less than perfect quality of life, the cost per life-year gained will always be lower than the cost per QALY. It is also worth noting that the researchers used a lower discounting rate for the life-years gained than for the costs of treatment. This will also lower the ICER relative to our estimates, which all employ an equal discounting rate for costs and benefits. Differential discounting has been rejected by the majority of academic journals and government agencies, including the US Public Health Service Panel on Cost-Effectiveness in Medicine. 26 More recently, Wu and colleagues 27 constructed another Markov model to evaluate the cost-effectiveness of temozolomide in several subgroups of patients. Among the "overall cohort" (comparable to the patients studied in clinical trials and simulated in our analysis), the Based on a 1982 cost-effectiveness analysis of renal dialysis for patients with chronic renal failure, many modern cost-effectiveness analyses using a US societal perspective inappropriately continue to assume a cost per QALY willingness-to-pay threshold for costeffectiveness no greater than $50 000 per QALY. 28 -31 Recently, economists and clinicians have begun to call that figure into question. 32, 33 Estimates with more theoretical and empirical support have ranged from $100 000 to $200 000 per QALY. 34 -38 The WHO has endorsed a threshold of 3 times the gross domestic product of the country in which the intervention is to be implemented. 39 In the United States, this represents a threshold of roughly $150 000 per QALY.
Limitations
All direct medical costs other than the cost of temozolomide were calculated from charges reported by the Mayo Clinic in 1996. Although the calculated costs were adjusted to 2011 US dollars, changing practice patterns may make this conversion imperfect. However, calculating costs this way is still preferable to using cost data from outside the US, which would almost certainly be distorted by different unit prices and practice patterns. 23, 24 The modeled dosing of temozolomide was based on the approved temozolomide prescribing information; however, clinicians in the US sometimes use 12 cycles of temozolomide instead of the approved 6. Although our goal was to make this analysis applicable to the US context, we could not accurately model 12 cycles of temozolomide in the basecase analysis because the clinical trials, from which we derived all of the survival data, used 6 cycles. However, if we assume that the 12-cycle regimen produced equivalent survival as the 6-cycle regimen, then we can adjust our model so that the costs of stable disease treatment in months 8-12 were equivalent to those of months 3-7. This produces new ICERs of $137 354 per QALY and $20 552 per QALY for Temodar and generic temozolomide, respectively (Table 3A and B). Both of these ICERs are ,$150 000 per QALY and thus could be considered more cost-effective than using only radiotherapy. However, they are both higher than the respective brand and generic base-case ICERs, indicating that under these assumptions, 6 cycles of adjuvant temozolomide is still more cost-effective than 12 cycles of adjuvant temozolomide.
Assuming that the ratio of OS to PFS is unchanged ( 2:1), a 12-cycle regimen of Temodar would be more cost-effective than a 6-cycle regimen of Temodar if it produced an additional 2 months of OS and 1 month of PFS. Under the same assumption, a 12-cycle regimen of generic temozolomide would be more cost-effective than a 6-cycle regimen of generic temozolomide if it produced an additional 2 weeks of OS and 1 week of PFS. However, we are unaware of any clinical or survival evidence to support more than 6 cycles of temozolomide.
It was assumed that all patients using temozolomide would be receiving continual prophylaxis against opportunistic infection, nausea, headache, and constipation. This can be viewed as an overestimate of the true costs associated with adverse-event prophylaxis. However, as the sensitivity analysis demonstrated, the model was extremely insensitive to the cost of adverse-event prophylaxis. A 20% reduction in adverse-event prophylaxis costs decreased the ICER by 1.23%.
It was also assumed that informal caregivers of patients with glioblastoma spend an average of 10 h per week assisting patients with ADLs. As previously mentioned, multiple factors could make this an overestimate or underestimate of the true caregiver time commitment. It is therefore reassuring that a 20% increase or decrease in caregiver time costs was associated with a ,2% increase or decrease, respectively, in the ICER.
Probably the most important assumption concerns the applicability of utility values elicited from a small sample of UK citizens to the general US population. Both previous cost-effectiveness analyses have used these data because they represent the only source of elicited preferences for relevant health states. However, these estimates seem to demonstrate a significant quality of life decrement associated with the use of temozolomide (roughly equivalent to the decrement associated with disease progression). This finding is at odds with the quality of life data measured during the Stupp et al 12 clinical trial and reported separately by Taphoorn and colleagues, 40 who found no statistically significant difference in quality of life between the temozolomide + radiotherapy group and the radiotherapy alone group using the EORTC QLQ-C30 and QLQ-BN20 instruments. Given these discrepancies, sensitivity analyses around the utility estimates were of particular importance. It was found that increasing the utility associated with temozolomide's use in the maintenance phase of stable disease treatment (the period of greatest exposure to temozolomide) by 10% decreased the brand Temodar ICER to $79 798 per QALY.
Conclusion
This paper describes the first cost-utility analysis of temozolomide in the adjuvant treatment of newly diagnosed glioblastoma to use a US societal perspective, include indirect costs, and estimate the impact of generic temozolomide availability. Both the brand and generic base-case ICERs were cost-effective using a willingness-to-pay threshold appropriate for a US societal context ($150 000 per QALY). One-way sensitivity analyses showed that the ICERs remained cost-effective as input parameters were varied to reflect theoretically reasonable uncertainty.
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